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Abstract 


In this work, we design and fabricate the transimpedance Amplifier (TIA) following 
the design mentioned in Ref.[T]. In the TIA, the preamplifier (Pre-Amp) is made of 
a junction field effect transistor (JFET) that can work at 77 K. The post-amplifier 
is made of an operational amplifier (OPA). Cascade Pre-Amp and Post-Amp to form 
the inverting-amplifier (Inv-Amp). The gain-bandwidth product of Inv-Amp with the 
gain about 50,000 is higher than 10 GHz. With a 1.13 GQ feedback network, the gain 
of TIA is 1.13 GQ and its bandwidth is about 97 kHz. The equivalent input noise 
voltage power spectral density of TIA is not more than 9 (nV)?/Hz at 10 kHz and 4 
(nV)?/Hz at 50kHz, and its equivalent input noise current power spectral density is 
about 26 (fA)?/Hz at 10 kHz and 240 (fA)?/Hz at 50 kHz. The measured transport 
performances and noise performances of TIA are consistent with the simulations and 
calculations, verifying the feasibility for the design of low-noise large-bandwidth TIA 
proposed in Ref.{I]. And, TIA with various performances that meet various needs can 
be designed according to the design methods in Ref.Ref.[T] [2]. With the same gain, 
the bandwidth of the TIA in this work is much larger than the present TIA and its 
noises are much lower than those of present ones. The TIA in this work is perfect for 
the cryogenic STM working at 77 K (i.e. liquid nitrogen temperature). 


1 Introduction 


For cryogenic scanning tunneling microscope (CryoSTM), scanning tunneling spectroscopy 
(STS) and scanning tunnel shot noise spectroscopy (STSNS) are important means 
to investigate novel phenomena in quantum systems. High performance transimpedance 
amplifier (TIA) is a key element in CryoSTM for STS and STSNS measurements. The 
gain and bandwidth of TIA, as well as its inherent noise, determine its performance in 
the measurements. For a TIA, the inherent noise is characterized by equivalent input 
noise voltage and equivalent input noise current. And, the noise parameters are typically 
equivalent input noise voltage power spectral density (PSD) and equivalent input noise 
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current PSD. Commercial TIAs for CryoSTM, such as FEMTO DE-DLPC-200 [3], as its 
gain is 1 GQ, its bandwidth is only 1 kHz, and its equivalent input noise voltage PSD 
is 16 (nV)?/ Hz in the frequencies of f > 100 Hz, and its equivalent input noise current 
PSD is 18.5 (fA)?/ Hz at f = 100 Hz. In recent years, several designs of TIA in CryoSTM 
are proposed based on new design ideas [41 [5]. For them, as the gain is 1 GQ, the 
bandwidth is larger than 100 kHz. And, the equivalent input noise voltage PSD can be 
lower than 0.5 (nV)?/Hz in f > 10 kHz, and the equivalent input noise current PSD is 
0.28 (fA)?/Hz at f = 10 kHz and 5.3 (fA)?/Hz at f = 100 kHz. With the proposed 
TIA in CryoSTM, the STS measurements can be performed with the gain of 1 GQ at the 
frequency of tens of kHz[1] [2]. However, these designed TIAs have not been fabricated 
and their performances have not been checked by measurements. 

In this work, based on the proposed TIA design methods in Ref.[1], the TIA with the 
same circuit topology as that in Ref.[I] are fabricated. A junction field effect transistor 
(JFET) is instead of the expensive CNRS-HEMT[6][7]. As a cheap demo, the performances 
of TIA, such as transimpedance gain, bandwidth, and inherent noises etc., are measured 
at 77 K. The measurement results are consistent with the theoretical calculation results 
and the simulation results in design, which verifies the feasibility for the design of the 
proposed TIA in Ref.[1]. As the gain of the JFET-based TIA is 1.13 GQ, its bandwidth 
is about 97 kHz. And, its equivalent input noise voltage PSD is about 8 (nV)?/Hz at 
f = 10 kHz and 3.7 (nV)?/Hz at f = 50 kHz, and its equivalent input noise current PSD 
is about 26(fA)?/Hz at f = 10 kHz and 240 (fA)?/Hz at f = 50 kHz. If this TIA is 
used for CryoSTM operating at 77 K, compared with FEMTO DE-DLPCA-200, the STS 
measurement with the same accuracy can be performed with 10 times higher speed, and 
the STSNS measurement can be performed at the frequency of tens of kHz. 


2 Circuit of TIA and its amplifing performances 


In CryoSTM, TIA is connected to a signal source circuit containing a tunnel junction 
(TJ) is denoted as TJ-TIA. The TJ-TIA circuit is shown in Fig[1] and the parameters 
of its components are shown in Table 1. Premplifier (Pre-Amp) is shown in Figfi{a1) 
and Figfi{a2); Post-amplifier (Post-Amp) is shown in Figfi{b); the feedback network 
with frequency compensation is shown in Figfi{c); and the signal source circuit is shown 
in Figfi{d). Cascading Pre-Amp and Post-Am form an inverting Amplifier (Inv-Amp). 
Connecting the feedback network on the Inv-Amp constitutes a TIA. TIA connected signal 
source circuit is TJ-TIA. 


2.1 Pre-Amplifier 


Figfi{al) shows the of Pre-Amp. In Pre-Amp, the JFET is a N-Channel Depletion-Mode 
JFET, and SST4393-T1 as JFET is selected in this work [8]. SST4393-T1 can operate at 
77K. The parameters of the components in single-transistor amplifier circuit are shown in 
Table[1] The gate G of JFET is the input of Pre-Amp. O1 and 02 are called the inverting 
and positive outputs of Pre-Amp respectively, and they are connected to the two inputs of 
the Post-Amp. JFET, Ry, Rn, Ri, and Ra in Pre-Amp are placed in cryogenic zone at 77 
K. The capacitance of the cable between the tip of the CryoSTM is Cy. The JFET should 
be placed to the tip of the CryoSTM as close as possible, so that C'i is reduced to less than 
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Figure 1: Circuit of the proposed TJ-TIA. Single HEMT amplifier part of Pre-Amp is 
shown in dashed box (al), power supply of Pre-Amp in dashed box (a2), Post-Amp in 
dashed box (b), compensated feedback network in dashed box (c), and signal source circuit 
in dashed box (d). The components placed in the cryogenic zone are shown in the dotted 
box. The parameters of all components of CryoSTM-TIA circuit are listed in Table [1] 


0.5 pF. Variable resistors Rs1, Rpi, and Rp are placed at room temperature. Fig.1(a2) 
shows the power supply for Pre-Amp, and the parameters of its components are shown in 
Table 1, where PVR is a precision voltage reference (LM4050-10 [9]). The output voltage 
of PVR is stable 10 V with typical error of +40 ppm. The noises from PVR are eliminated 
by Ci, Co, and Rr. Here, Rp = Ri + Rs, and Ry is a variable resistor. Keep Rp to 0, 
and adjust Rs1, Ry, and Ry to achieve JFET at the ideal operating point (Vas = 1 V, 
Las = 1 mA) and the voltage at O1 equal to that at O2. The performances of Pre-Amp 
measured at 77K are shown in Table [I] 

For Pre-Amp, adding AC voltage signal V on G, the output AC voltage signal dif- 
ference between O1 and O2 is Vore: The gain of Pre-Amp is Ayp = Vop/ V. The 
upper limit cutoff frequency for Pre-Amp is larger than 5 MHz, since the transit fre- 
quency for JFET is gm/(27Cgs) is larger than 200 MHz and the intrinsic gain for JFET 
gm/ga < 30. For Pre-Amp, Ayp can be obtained by the nodal analysis method [I]. In 
f >> max{gm/(27Cs), 1/(2rRsCs)} (i.e. f >> 12 Hz) and f < 1 MHz, Ayp is 


Ayp x —g9mRa, (2.1) 


and Ayp ~ —14.4 (with the parameters in Table (i), where Ra = RL/(1 + Riga). The 
input capacitance of Pre-Amp is 


Ca = Ces + (1 = Avp)Cga- (2.2) 


Table 1: Parameters of all components of TJ-TIA 


JFET 55T4393-T1 


Gate-source resistance Ra >10 TQ 
Transconductance gm 8 mS 
Channel conductance ga 0.3 mS 
Gate-source capacitance Cgs 9 pF 
Gate-drain capacitance Cga 5 pF 
Drain-source voltage Vas 1V 
Drain-source current Ias 1 mA 
e? ((nV)?/Hz) 10 kHz 7 
50 kHz 3 
¿2 ((£A)?/Hz) unkown 
Pre-Amp 
Rs + Rsı 520+5 Q Cs 11 yF 
Ry + Rui 1520+5 Q Ri, R2 3.9 kQ 
Rp +5 Q 
Cı 22 uF C2 11 pF 
PVR LM4050-10 R» 2 kQ 
Rs + Rsi 2280 + 10 Q Vep +15 V 
Post-Amp with THS4021 as Rear-OPA 
Qao 94 dB Jo 16 kHz 
Ca 1.5 pF Ra 1 MQ 
Rg 3.9 MQ Ca, Ci 160 pF 
Ra, Rez 100 Q Cn, Cro 50 pF 
VRp +5 V Ven -5 V 
Feedback network 
Rr 1.13 GQ Cr ~ 3 pF 
Rk 340 kQ Ck ~ 0.2 pF 
Ce 10 nF 
Signal source circuit 
Ry 3.9 MQ Ct ~ 0.1 pF 
Note: + indicates the variable resistance range. Without 


specification, the default value after + is 0. 


and Ca = 81 pF (with the parameters in Table [1). The input resistance of Pre-Amp 
Ra is the gate-source resistance of JEFT. For SST4393-T1, Ra > 1 TQ, so Ra can be 
considered as infinity. 


2.2 Post-Amplifier and Invertin-Amplifier 


Fig[1[b) shows the Post-Amp circuit. An operational amplifier (OPA) is in the circuit, 
denoted as Rear-OPA. Rear-OPA used in this work is THS4021 [11]. Ra and C, are the 
equivalent input resistance and capacitance of Rear-OPA, respectively. The positive input 
of Rear-OPA is connected with a filter composed of Reı and C,¡, which is connected to 
the inverting output of Pre-Amp O1 with Cable O1Q1. The inverting input of Rear-OPA 
is connected with a filter composed of Res and C,2, which is connected to the positive 
output of Pre-Amp O2 with Cable O2Q2. The ground capacitances of Cable O1Q1 and 
Cable 02Q2 are Ci; and Cig respectively. The lengths of Cable O1Q1 and Cable 02Q2 
are 1.6 m, and Ci = Cig = Ci is about 160 pF. The feedback resistor Rf is connected to 
the output of Rear-OPA O to 02. 


In Post-Amp, Vrp is set at +5 V and Vpnis set at -5 V, since the input voltage range 
of the oscilloscope (Rohde-Schwarz RTP) used in measurements is +5 V. And, Vrp (Van) 
can be set at +15 V (-15 V) for the real application. 

Cascade Pre-Amp and Post-Amp to form Inv-Amp. For the AC signal, the voltage 
gain of Inv-Amp aaA(f) can be expressed as 


aA = Ayp Ayr. (2.3) 


aa can be obtained with the nodal analysis method, and then Ayr can be obtained [1] [10]. 
In f >> max[gm/(27Cs),1/(27RsCs)Hi.e. f >> 12 Hz) and f < 1 MHz, Ayr is 


Ze 14+ j2r f RuLCir , 1 
Ry 1+327fRa4Cir 1+ — 4 j2nf LE ? 


aa RHL 


Avr ~ (2.4) 


where Z = 1/(1/R_e + j2afCt), Raz = Ru Ri/(Ry + RL), Cir = Ci + Cr, and aa is the 
voltage gain of the Rear-OPA. For THS4021, in 0 < f < 1 MHz, aa = aao/(1 + i f/ fo), 
where aao = 94 dB, fp = 16 kHz. 
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Figure 2: For the voltage gain of Inv-Amp aa(f), the simulated laa (flag vs. f is the 
black solid curve and the simulated 4 (aa (f)) vs. f is the black dashed curve. By Eq. (2.1), 
(2.3), and (2.4), the calculated laa (f) lag vs. f is the red solid curve and the calculated 
Z (aa(f)) vs. f is the red dashed curve. 


With the parameters in Table the performances of Inv-Amp are simulated with 
TINA-TI [12]. The simulated results of aa (f) are shown as the black curves in Fig [2 The 
results of aa(f) calculated by Eq. (2.1), (2.3), and are shown as the red curves in 
Fig. P} which are basically consistent with the simulated ones in 3 kHz< f < 300 kHz. 

aa(f) is measured by a lock-in (Standford 865). In 100 Hz< f < 240 kHz, the measured 
results of aa(f) are also basically consistent with those obtained by TINA-TT simulation, 
as shown in Fig [3 Because the voltage gain of Inv-Amp is higher than 50,000, the crosstalk 
signal can be easily introduced to its input G at 77 K through the cable between the inut 
G and the output of the lock-in. Therefore, the fluctuations of the measured |aa(f)|ap 
are quite large. We should note that the cable between the inut G and the output of the 
lock-in is only used for the Inv-Amp voltage gain measurements and it should not be there 
for TIA. 
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Figure 3: The simulated results and measured results for the voltage gain of Inv-Amp 
aa(f), and the calculated results for the reciprocal of the feedback factor of TJ-TIA 
1/8(f). For Ry = 3.9 MQ, |Ttlap = laalag — |1/6(f)lap < —10 dB in f > 243 kHz, and 
Z (TL) = Z(-aa) — < (1/8) = Z (aa) — 180° — Z (1/6) > —139° in f < 243 kHz. The 
gain margin for stability of TJ-TIA is larger than 10 dB and the phase margin is larger 
than 41°. 


2.3 Frequency compensation of feedback loop 


Fig[1[c) shows the feedback network in TIA. It compensates the frequency of the feedback 
resistance Rp according to the method described in Ref.[1]. The feedback impedance 
obtained by compensation is 


Ry + Rp Ry 


Z N x 
r(f) 1+ j27fReC, 14+ 520 f RC,’ 


fr = 1/(2af RC) is the upper cut-off frequency of the feedback network. Here Rp = 1.13 
GQ at 77 K. A small 2.7 pF capacitor is parallel to Rp with about 0.3 pF parasitic 
capacitance, therefore Cp as the total capacitance parallel to Rp is about 3 pF. Ce = 10 
nF, and RC. ~ RECF as adjusting resistance Rg = 340 kQ. The measured results for 
Zp(f) are shown in Fig{4] and fp is up to 2.25 MHz. 


2.4 Stibility of TJ-TIA 


Fig[1[d) shows the signal source circuit. The differential resistance of TJ in CryoSTM is 
denoted as Rj. In this work, a resistor of 3.9 MQ is used as Ry instead of TJ between A 
and B. The capacitance of TJ is denoted as Cy, which is in parallel with Ry. Cy < 100 fF 
for the resistor of 3.9 MQ, and it is estimated as only several fF for TJ in CryoSTM [2]. 
C = Ca + Ci + Cy in this work. Cy is at least two orders of magnitude less than Ca + Cj, 


ll po Peril ica til bo iil Li 90 


10° 10 10° 10 
s(t) 
Figure 4: The measured |Zp(f)/Rrlag (Solid curve) and the measured Z (Zp(f)) (Dashed 
curve). fp is up to 2.25 MHz. 


so it can be ignored in C. The DC bias-modulated signal voltage source is denoted as 
BMS. TIA connects the signal source circuit to form TJ-TIA. 
The loop gain Ty, of TJ-TIA is 


Ti = —aa(f)8(f) = —aa/ (1/8), (2.5) 


in which 6(f) is the feedback factor. And, its reciprocal is 


1/8(f) =1+ Zp(f) 11/2314) + 720 fC], 


where Zp(f) = Rp/(1 + 327 fRxCx) and Z3(f) = Ry/(1 + j2af RyCy). Since Cr < 0.5 pF 
and Ca = 81 pF, 
1/B(f) =1+ 20/23 + 2a fCa). (2.6) 


With the parameters in Table |1| the performance of TJ-TIA is simulated and cal- 
cultated with TIN-TI. For Inv-Amp, Fig] shows the curves of |aa(f)|aqp and Z(aA(f)) 
simullated by TINA-TI. In Fig[5| the curves of |1/B(f)lag and Z(1/6(f)) are obtained 
with Eq. (2.6).It is obtained that |Ti(f)|ap = laa (flan —11/8(P lag < —10 dB as f > 180 
kHz, and Z(T.(f)) = Z(—aA(f)) — Z (1/B(f)) = Z (aA f)) — 180° — Z (1/B(f)) > —139°, 
Therefore, TJ-TIA circuit is stable with a gain margin of stability greater than 10 dB and 
a phase margin greater than 41°. For Rj > 1 MO, it can be easily to verify that the curves 
of |aa(f)|ap and |1/6(f)|ap are basically the same as those in Fig[5] in f > 10 kHz, and 
that Z (1/8(f)) < 90° and Z(aA(f)) > 150° in f < 10 kHz [I]. Therefore, the TJ-TIA 
circuit is stable as Ry > 1 MQ, and the stability margin is the same as that as Rj > 3.9 
MQ. 

In experiments, as the input of TIA is short, the output voltage of TIA can be set and 
kept at 0 after well-calibration, and no oscillation signal is found. In Section there 
is no ”gain peaking” on the measuerd curve for the modulus of transimpedance gain of 
TJ-TIA with Ry = 3.9 MQ. These phenomena also confirm the stability of TJ-TIA. 


2.5 'Transimpedance gain of TIA 


With the frequency compensation as mentioned in Section [2.3| it can be considered that 
Zp is equal to Rp in 0 < f < 300 kHz. Considering the TJ capacitance Cy, the TJ 


impedance is Zz = Rjy/(1 + j2a7fRjyCy). In 0 < f < 300 kHz, for Ry > 1 MQ, the 
transimpedance gain of TIA 4; is 


A = as 
i= 1 Rp E Rea? 
l aA aa RA j2r f aA 


Considering Ra >> Rp and |aa| >> 1, A; is 
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Figure 5: For the transimpedance gain of TIA Aj, the simulated | A;(f)/Rplag (Black solid 
curve) and the simulated 4 (A;(f)) (Black dashed curve), and the measured |A; (f)/RflaB 
(Red solid curve) and the measured 4 (Aj(f)) (Red dashed curve). 


It is easily to verify that the caculated results of A; by Eq. (2.7) are consistent with 
the simulated results with TINA-TI [1]. For the TJ-TIA, A; with Ry = 3.9 MQ (with 
Cy < 100 fF) is measured by a lock-in (Standford 865). Figl[5] shows the measured results 
and simulated results. The measured bandwidth of TIA fi is about 97 kHz, while the 
simulated one is 86 kHz. 


3 Noise performences of TIA 


For the circuit of TJ-TIA shown in Fig[1] we use the differential equivalent circuit with all 
noise sources to calculate its equivalent input noise. The details for the noise calculations 
are shown in Supplemental file [13]. In this work, the noise voltage PSD is measured by a 
vector analyzer (Agilent 89441A) or a oscilloscope (Rohde-Schwarz RTP). 


3.1 Equivalent input noises of Inv-Amp 


The equivalent input noise voltage and equivalent input noise current of JFET are denoted 
as ey and ij respectively. They may not independent. The equivalent input noise voltage 
and equivalent input noise current of the Rear-OPA are denoted as ea and ia respectively. 
They may not independent, but they are commonly considered as independent. 

The resistors Rs, R1, Ra, Ry, and Rf are in the cryogenic zone of 4.2 K. Ry is in the 
cryogenic zone of 77 K, the noise voltage of the resistor Ry is ery. , And, their noises in 


f > 1 kHz are thermal noise, which can be neglected [I]. The noise voltage of the resistor 
Ra is e1, and that of Res is eg. And, their noises in f > 1 kHz are thermal noise. These 
noise sources are independent. The equivalent input noise voltage and equivalent input 
noise current of Inv-Amp are denoted as ea and i, respectively. By the nodal analysis 
method and Wiener-Sinchin theorem, ignoring the minor terms, it is obtained that 


e =e + (2 +e? + 3) Aces (3.1) 


=> = C2 R2 
B =34+(2f 2 (a +e? +e? + 3) 
H 


vP 
Ret. \? B 
2 a 
+(27 f) (Ci + Cea + Fc) 2 (3.2) 
= e e C R? 
eaii =e) = ant Ezr | 2+3+3) 
vP H 
RuL Rut \ 2 
— 32 Cos FC, G, 1+——]|-—, 3.3 
jort (Cup + Opa + rca) (14+) (3-3) 


where e is the equivalent input noise voltage PSD of Inv-Amp, a is its equivalent input 
noise current PSD, ei is its equivalent input noise voltage-current PSD, and i,e% is its 
equivalent input noise current-voltage PSD. 
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Figure 6: The measured equivalent input noise voltage PSD of Inv-Amp Syinv = A. It is 
about 8 (nV)?/Hz at f = 10 kHz and 3.7 (nV)?/Hz at f = 50 kHz. 


The output noise voltage PSD of Inv-Amp Somy is measured. And, its equivalent input 
noise voltage PSD Syiny is obtained as Syinv = Solnv/laal?, and Syinv = e Fig]6|shows 
the curve for Suiny vs. f. In Fig] Sine = a is about 8 (nV)?/Hz at f = 10 kHz and 
3.7 (nV)?/Hz at f = 50 kHz, which are consistent with the values obained from Eq. (3.1) 
with the parameters in Table 

For TIA, its equivalent input noise voltage and equivalent input noise current are 
denoted as ey and ¿y respectively. The equivalent input noise voltage PSD of TIA e%, 
its equivalent input noise current PSD i2 , its equivalent input noise voltage-current PSD 
eat, and its equivalent input noise current-voltage PSD iae% are 


eh = ek, (3.4) 


2 =i + 4kpT/Rp, (3.5) 


evi = (ire) = eat. (3.6) 


Therefore, the measured e2 is about 8(nV)?/Hz at f = 10 kHz and 3.7 (aV)? /Hz at f = 50 
kHz. 
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Figure 7: The measured equivalent input noise current PSD of TIA Sip = i2. It is about 
26 (fA)?/Hz at f = 10 kHz and 240 (fA)?/Hz at f = 50 kHz. 


In Fig[7| the black curve is the measured equivalent input noise current PSD of TIA 
Sir = iĉ as the input TIA is opened. The measured values are 26 (fA)?/Hz at f = 10 
kHz and 240 (fA)?/Hz at f = 50 kHz. It is difficult to obtain the equivalent input noise 
current PSD of JFET i? by measurements [7]. Let's assume that 77 is the ideal minimum 
one. In this case, it is entirely generated by the channel noise current PSD of JFET ie. It 
can be obtained that e? ~ i2/g?, [?]. Therefore [?], 


a (2m f)? (Ces + Cea)” 2/ gm ~ (20 f)? (Ces + Coa)” e. (3.7) 


Based on this assumption, Sir = iå is estimated by Eq. (3.2), and (3.7), with the 
parameters in Table [I] and the results are shown as the red curve in Fig7] The estimated 
values are 13.7(fA)?/Hz at f = 10 kHz and 148(fA)?/Hz at f = 50 kHz. The estimated 
valus of Sip are slightly smaller than the measured ones, since we assume i? as the ideal 
minimum one. 

In summary, for the TIA in this work, its equivalent input noise voltge PSD is about 
8(nV)?/Hz at f = 10 kHz and 3.7 (nV)?/Hz at f = 50 kHz, and its equivalent input noise 
current PSD is 26 (fA)?/Hz at f = 10 kHz and 240 (fA)? /Hz at f = 50 kHz. Considering 
the bandwidth of TIA about 97 kHz and its gain of 1.13 GQ, the TIA in this work has the 
lowest noise and largest bandwidth among the present low-noise large-bandwidth high-gain 


TIAs [31 14) [15]. 


4 Transimpedance gain of TIA obtained with noise mea- 
surements 


In the TJ-TIA, the resistor of 3.9 MQ is used as Rj instead of TJ between A and B, and 
B is grounded. Its thermal noise voltage PSD Spy = 4kgT/Rj = 1090 (fA)?/Hz. The 
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output noise voltage of TJ-TIA Sorj(f) is measured in 500 Hz< f < 100 kHz. Obviously, 


Sora(f) = Sor). 


Al? = 
14 4kpT/Ry 


(4.1) 


1000 


S, ((FA)/Hz) 
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Figure 8: In the TJ-TIA, for a resistor Ry of 3.9 MQ, the measured resullts for Si = 
|Ai/Rp|?Spy in 500 Hz< f < 100 kHz. The measured bandwidth of TIA fi is about 92 
kHz. 


Figs} shows the measured resullts for S; = |Ai/Rr|*Spy in 500 Hz< f < 100 kHz. In 
Fig|3| the measured thermal noise voltage PSD Spy at 1 kHz is about 1050 (fA)?/Hz. With 
this meathod, the measured bandwidth of TIA fa is about 92 kHz, which is approximate 
to the value of 97 kHz measured by the lock-in in Section [2.5] 


5 Conclusion 


In Ref. [1] [2], the designs of low-noise large-bandwidth high-gain transresistance amplifier 
(TIA) for Cryogenic STM are proposed and their performances are verified with simula- 
tions and theoretical calculations. In this work, for the design of TIA in Ref.[1], we replace 
the expensive CHRS-HEMT with a junction field-effect transistor (JFET) SST4393-T1 
that can operate at 77K. Based on the same design ideas, methods, and theoretical cal- 
culations, we design, fabricate, and measure TIA with the same circuit topology as that 
in Ref.[1]. The measured performances of TIA are in agreement with the simulated and 
calculated results, therefore the feasibility of the TIA design in Ref.[T] is verified. The 
transimpedance gain of TIA is 1.13 GQ and its bandwidth is 97 kHz. its equivalent input 
noise voltage PSD is about 8 (nV)?/Hz at 10k Hz and 3.7 (nV)?/Hz at 50kHz, and its 
equivalent input noise current PSD is about 26 (fA)?/Hz at 10 kHz and 240 (fA)?/Hz at 
50 kHz. TIA in this work can be used in CryoSTM at 77 K(liquid nitrogen temperature). 
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Supplemental file 1: Voltage gain of Inv-Amp 


Figure s1.1 The Inv-Amp circuit with all components for Eqs.(s1.1-s1.8), and their values are 


shown in Table 1 in Article. 


With the nodal analysis method, the Inv-Amp voltage gain aa(f) is calculated by the 
following equations. All components for Eqs.(s1.1-s1.9) are shown in Fig.s1.1, and their values 


are shown in Table 1 in Article. 
(V, -V,)/R, =(F, -V,)/R, +(V, -V) [Ry +V,/Ry + joCV,, (s1.1) 


JoCa (P-V) = 8a (P) go (P-P) (P-P )/R +.) [Ra + OCP, (512) 


(P -P )/R +(7, -P )/R, =V, [Ry + j@CV p> (s2.3) 
(P, 7, )/R, =(È. -7 )/R, + 300Y,, (s1.4) 
8m (Y, V,)+ g, (Y, -V,)=V,/Rs+ JOC, + j0C,, (V,V,), (s1.5) 
V=a,(V,-V.), (s1.6) 


(V; =F Y/R =+jaCV, (s1.7) 


V -Vy + V (s1.8) 
JOC Ws 

( a \ Rs 

1 


(s1.9) 
=V,/V,, 
a, = 


Supplemental file2: Noise of the proposed CryoSTM-TIA 


S2-1 Noises of STM-TIA 
For Inv-Amp, the equivalent input noise voltage of the Inv-Amp is denoted as ea 


and its equivalent input noise current is ia, and their harmonic components of frequency 


E 
fare Ea and Ia respectively. A can be obtained by the nodal analysis method. By 


A 


e ei . -ET 
Wiener-Khintchine theorem, 2 AA | can be obtained from| “ 2 = 
ATA La 


ON UN 
[S2R 1, S2R2]. The two matrix elements on the main diagonal are the equivalent input 
noise voltage PSD of the Inv-Amp e and its equivalent input noise current PSD A l 
The two matrix elements on the sub-diagonal are its equivalent input noise voltage- 
current PSD ei and equivalent input noise current-voltage PSD e : 


The Inv-Amp is connected to the feedback resistor Rr to form a TIA. The equivalent 
input noise voltage of the TIA is denoted as er and its equivalent input noise current is 
ir, and their harmonic components of fare Er and Jr respectively. The temperature of 
the feedback resistance Rr is T, and its noise voltage is er and its harmonic component 


of fis Er. 


(a) (b) 


Figure s2.1 (a) TIA circuit with the input short-circuit containing the equivalent input noise voltage 
of Inv-Amp Inv ea and its equivalent input noise current ia, and the output noise voltage of eory; (b) 
Noiseless TIA circuit with the equivalent input noise voltage of the TIA er as the input signal, and 


the output noise voltage of eotve ; the equivalency of the above two circuits means @oty = @otTve - 
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For the TIA, the circuit containing all noise sources with the input short-circuit is 
shown as Fig.s2.1(a), and the output noise is eoty. The noiseless circuit with the 
equivalent input noise voltage of the TIA er as the input signal is shown as Fig.s2.1(b), 
and the output noise is eotve. For calculating the equivalent input noise voltage of the 
TIA, the equations are established on the equivalency of the above two circuits, i.e. eotv 
=€otve. Therefore, by nodal analysis method, 


Er=Ea. 


(b) 


Figure s2.2 (a) TIA circuit with the input open-circuit containing the equivalent input noise current 
of Inv-Amp Inv ea and its equivalent input noise current ia, and the output noise current of eori; (b) 
Noiseless TIA circuit with the equivalent input noise current of the TIA ir as the input signal, and 
the output noise voltage of eotie ; the equivalency of the above two circuits means eoti = eotie .- 

For the TIA, the circuit containing all noise sources with the input open-circuit is 
shown as Fig.s2.2(a), and the output noise is is eori. The noiseless circuit with the 
equivalent input noise current of the TIA ir as the input signal is shown as Fig.s2.2(b), 
and the output noise is eotie. For calculating the equivalent input noise current of the 
TIA, the equations are established on the equivalency of the above two circuits, i.e. eori 
=€otie. Therefore, by the nodal analysis method, 


Tp =Iy+(Eat EPR . 


UF lua Jer) 


From Ee md Wiener-Khintchine theorem, ka erhi can be obtained. 


* ie 2 
lr ex 


LE Lh T 


Hence, 


~. 


The two matrix elements on the main diagonal are the equivalent input noise voltage 
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PSD of the TIA e and its equivalent input noise current PSD i: The two matrix 
elements on the sub-diagonal are its equivalent input noise voltage-current PSD e,i% 


and equivalent input noise current-voltage PSD ie e, a 


PERN (s2.1) 
P = +4k,T/R, +e R, (82.2) 
ei (ie) =e i +e /R (52.3) 


Here, the noise voltage PSD of Rr is e = 4k TR; . 

The TIA is connected with the signal source circuit to form a STM-TIA. The 
equivalent input noise current PSD of a STM-TIA 2 can be obtained [S2R1-S2R3] 
kd 

par +( yR + +(2nf) Cher +(1/R, + j2nfC, ei, +(1/R, — j2nfC, ier . (82.4) 


Here, Cy = CC). Putting Eq.(s1), (s2), and (s3) into Eq.(s4), 2 


in =i, + 4k T [Re +e, (Y Ri +Y RE +(2nf) C3) 
(s2.5) 
+(1/R, + j2mfCy) (ent + ex /Ry)+( (1/R, - j2mfCy (ine, +€,/Re] 


S2.2 Noises of the proposed CryoSTM-TIA 
$2.2.1 The equivalent input noise voltage and the equivalent input noise current of 
Inv-Amp 

For the Inv-Amp, the equivalent input noise voltage and equivalent input noise 
current of JFET are denoted as ey and ij respectively, and their harmonic components of 
fis are denoted as Ej and J; respectively. gm is the transconductance of JFET and ga is 
channel conductance of JFET. The noise voltage of the resistors Ru is denoted as ern, 
and the harmonic components of fare denoted as Ern. The noise voltage of the resistors 
Ri, R2, and the feedback resistance Rr are denoted as eL 1, eL and ef respectively, and the 
harmonic components of f are denoted as Erı, Er2, and Er respectively. The noise 


voltage of the resistors Res and R.2 are denoted as e1, ez and er respectively, and the 
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harmonic components of fare denoted as E, E2, and Es respectively. Here, Ri= R2= RL. 
All noises of Ry, Ri, R2, Rei, Re2, and Rp above 1 kHz are thermal noise. Ra= Ri//(1/ga) 
and Rut = Rp//Rı are denoted. The equivalent input noise voltage and equivalent input 
noise current of Rear-OPA are denoted as ea and ¡a respectively, and the harmonic 
components of f are denoted as Ea and J, respectively. These noise sources are 
independent of each other. For the Inv-Amp consistent of the Pre-Amp and Post-Amp, 
its equivalent input noise voltage and equivalent input noise current as ea and ia, the 


corresponding harmonic components of fare Ea and la respectively. 


(a) 


(b) 


Figure s2.3 (a) Inv-Amp equivalent differential circuit with the input short-circuit containing all noise 
sources, and the output noise current of eav; (b) Noiseless Inv-Amp circuit with the equivalent input 
noise voltage of the Inv-Amp ea as the input signal, and the output noise voltage of eave; the equivalency 
of the upper two circuits means eoay = €oave. In (a) and (b), the triangle OPA is the Rear-OPA. 

The equivalent differential circuit of the Inv-Amp containing all noise sources with 
the input short-circuit is shown as Fig.s2.3(a), and the output noise is €vav. The noiseless 
circuit with the equivalent input noise voltage of the Inv-Amp ea as the input signal is 


shown as Fig.s2.3(b), and the output noise is @oAve. For calculating the equivalent input 
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noise voltage of the Inv-Amp, the equations are established on @oay = @oAve. Therefore, 
by the nodal analysis method, 

Ex Ey+ EpnZur/(Avei Ru) —Evi/(gmRv) + Zu (ELo/Ri + E/RO/A ver 

+ E Ave + (E1-E2)/Avei — (1/2m + ZuL/AvpjhLa , 

where Aypi=2m/[1/Ratj(2nf/)Ci], Avrj=2gm/[ VWREORAC: 1, Zar=Rur/[1+ j(27f/)RurCir], 
Ra =1/(01/R1+ga), and Cir =C; +Cr. 


(a) 


IK 


Figure s2.4 (a) Inv-Amp equivalent differential circuit with the input open-circuit containing all 
noise sources, and the output noise voltage of eoai; (b) Noiseless Inv-Amp circuit with the equivalent 
input noise current of the Inv-Amp ia, as the input signal, and the output noise voltage of eoaie; the 
equivalency of the upper two circuits means eva; = €oaie. In (a) and (b), the triangle OPA is the Rear- 
OPA. 

The equivalent differential circuit of the Inv-Amp containing all noise sources with 
the input open-circuit is shown as Fig.s2.4(a), and the output noise is eoai. The noiseless 
circuit with the equivalent input noise current of the Inv-Amp ia as the input signal is 


shown as Fig.s2.4(b), and the output noise is @oaie. For calculating the equivalent input 
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noise current of the Inv-Amp, the equations are established on eosi = @oAie. Therefore, 
by the nodal analysis method, 
La~ [+ j2rf\CaiEruZu/(Avei Ru) — j(2nf)CsdEvi(gmR) + ¡QA (E1-E2)/Avei 

+ j(2nf)\CaiZar(Ei2/RL+Ed/Rs)/Avei 7 ¡ORACA EA ve; J(27f)(Csa/2m + Ca¡ZmL/Avrj)La, 
where Cai = Cgst+Cga(1+Avp1), Csa = CestCga, and Caj = CestCgal 1 +A ypj). 
For the measured frequency of fm < 100 kHz, 22fC; <100 uS with C;=160 pF and 2x7. fC; 
<35 uS with C; = 50 pF, while 1/R4= 0.55 mS and 1/Rhi = 0.92 mS, so Avı = 
Lm/[1/Rat{2rf)Ci] and Aye; = gm/[1/Ratj(2nfCir] can be simplified to —Ayp = gmRa, 


therefore Za Rh, and Caj~Ca. Thus, 


adel Gosea tee lane Mer 


ily 1 ¿JA | 1 pe -E,- E, | 1+ Re Ry j 
(mf )Ca ) ApR, \J(20f) Cy Ar J (2mf )(Ca + Ca Ri /Ra)) 8m 


(82.6) 


Ignoring the small quantities, such as the thermal noise of Ri, R2, and Rs, 


e Ser + +( Ria | Ra Jen + +(e +e? +e} ei) |/ 4+ (1+ Ru. /R,) yla > (s2.7) 


ES e, lie +e; 2 E 
= 2 +(2af) C= Re: Cs +(27 nf) C E e) +(27f Y E «tec, E x 


> Re A’ A’ d Em 
(s2.8) 
E E yO ia p E 
e,i = (iei) E: a r: 2 j4 Ca + A a | + FA = . 
H P vP d d m 
(s2.9) 


Here, e? is the equivalent input noise voltage PSD of the JFET and E is their 
equivalent input noise current PSD. e? is the equivalent input noise voltage PSD of 


the Rear-OPA and z is its equivalent input noise current PSD. e? and e? are the 


thermal noise voltage PSD of R¿1 and Re2 respectively. 


e? =e?=4k,T, R, = 1.66 (nV)’/Hz, where Tr is 300 K. e? =2.25 (nV)'/Hz and 
2 2 : 22) 2: 
i? =4 (pA)'/Hz in f> 10 kHz [S2R4]. In Eq.(s2.7), (1+Ry /R,) i, le? is one order 
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of magnitude smaller than e . Further ignoring the small quantities in Eq.(s2.7), 


e =e t etete) A, (s.10) 
$4.2.3 The equivalent input noise current of the proposed CryoSTM-TIA 
Putting Eq.(s2.8), (s2.9), and (s2.10) into Eq.(s2.5), the equivalent input noise 


current PSD of the proposed CryoSTM-TIA C is obtained as 
i =i +4k,7/R, +(YR, +R) |e; +(e +e) +63 )/ 4% | 


2 11) 
— 24e? +e? +R? e /R? R 0 | (s 
e} ao e, Te Te, E wal #4] c +c h 


A» d Sn 
where Cy = Ci+Cy and C= Cat+Cr+Cy and Csar = CgstCgat+Cr+Cy. Eq.(s2.11) is Eq.(3.8) 


in Article. 
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Supplemental file3: Equivalent input noise current of JFET 


Cy Aje 


Figure s3.1 (a) JFET equivalent differential circuit with the input short-circuit with ic, and the 


output noise voltage of eoay; (b) Noiseless JFET circuit with its equivalent input noise voltage e as 
the input signal, and the output noise voltage of eoave; the equivalency of the upper two circuits 


means eoAv = @oAve- 


In the equivalent input noise current PSD of Inv-Amp A 


2 le a 2 Rar k 
(27f) Ci — — + (2qf) ee 3 


d 


Faz TE TR 
a HL “RH 
i =i +(27f) Ca R? ya 
H vP m 
y) 


i; is a major component, but it is very difficult to obtain its value by measurements 


[S2R1]. A is produced by many noise sources, and the JFET channel noise is one of 


them. The equivalent differential circuit of the JFET with i, with the input short-circuit 
is shown as Fig.s3.1(a), and the output noise is eoay. The noiseless circuit with the 
equivalent input noise current of the JFET e, as the input signal is shown as Fig.s3.1(b), 


and the output noise is eoave. For calculating the equivalent input noise voltage of the 
JFET, the equations are established on eoav = €oave. Therefore, ear] e; can be 


obtained. Assuming iy is only produced by the JFET channel noise, let us estimate its 
value. The JFET is at the same operating point for the input open-circuit and the input 
short-circuit, therefore the JFET channel noise is same. The equivalent differential 
circuit of the JFET with i, with the input open-circuit is shown as Fig.s3.2(a), and the 
output noise is eoai. The noiseless circuit with the equivalent input noise current of the 
JFET ij as the input signal is shown as Fig.s3.2(b), and the output noise is €oaie. For 


calculating the equivalent input noise current of the JFET, the equations are established 


sd “c 


; Da a 
ON €oai=6oAie. Solving Coai=CoAie, i =(2af) Co io / g} , where Csa= Cos+Cga. Therefore, 


P =(2nf) Cie. 


| [1ga Ri | 


Figure s3.2 (a) JFET equivalent differential circuit with the input open-circuit with ic, and the 


output noise voltage of eoai; (b) Noiseless JFET circuit with its equivalent input noise current i; as 
the input signal, and the output noise voltage of @oaie; the equivalency of the upper two circuits 


means €oAi = @oAie. 
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